Peroxisome proliferator activated receptor-alpha (PPARα) and Egl nine homolog 3 (EGLN3) play critical roles in facilitating the adaptation to a hypoxic environment. However, the relationship between EGLN3 and PPARα variants and hypoxic adaptation remains poorly understood in Tibetan chickens. To better understand the effects of genetic variation, we sequenced exons of PPARα and EGLN3 in 138 Lowland chickens (LC) from 7 breeds that were located in Emei, Miyi, Shimian, Wanyuan, Pengxian, and Muchuan in the Sichuan province, and Wenchang in the Hainan province (altitudes for these locations are below 1800 meters). Total 166 Tibetan chickens (TC) from 7 subpopulations that were located in Shigatse, Lhoka, Lhasa, Garze, Aba, Diqing and Yushu in the Tibetan area were also sequenced (altitudes greater than 2700 meters). One single-nucleotide polymorphism (rs316017491, C > T) was identified in EGLN3 and was shared by TC and LC with no significant difference for allele frequencies between them (P > 0.05). Six single-nucleotide polymorphisms (SNP1, A29410G; SNP2, rs13886097; SNP3, T29467C; SNP4, rs735915170; SNP5, rs736599044; and SNP6, rs740077421) including one non-synonymous mutation (SNP2, T > C) were identified in PPARα. This is the first report of SNP1 and SNP3. There was a difference between TC and LC for allele frequencies (P <0.01), except for SNP1, SNP4, and SNP5) The fix index statistic test indicated that there was population differentiation between TC and LC for SNP2, SNP3, and SNP6 in PPARα (P < 0.05). Phylogenetic analysis showed that the genetic distance among chickens, finch and great tit were close for both EGLN3 and PPARα. Bioinformatics analysis of PPARα showed that SNP2 leads to an amino acid substitution of Ile for Met, which results in the protein being more likely to be hydrolyzed. Thus, genetic variation in PPARα may play a role in the ability of TC to adapt to a high altitude environment; however we were unable to identify a relationship between polymorphisms in EGLN3 and environmental adaptability.
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Introduction
Tibetan chickens, an aboriginal chicken breed distributed in the highland at over 3,000 m, have adapted to the harsh living conditions, characterized by cold weather, low partial pressure of oxygen and strong ultraviolet radiation [1] . Compared with the breeds that inhabit the Lowland, Tibetan chickens have more erythrocytes with enhanced oxygen affinity, richer blood vessel density and less mean corpuscular volume. All of these changes were produced by strong selection pressures during the history of domestication [2, 3] , which may directly affect the genetic structure of this population.
Peroxisome proliferator-activated receptors (PPARs), as members of the nuclear hormone receptor superfamily, play a key role in energy metabolism [4] . The ability to consume oxygen and to produce adenosine triphosphate (ATP) during energy metabolism greatly influences the ability of animals to adapt to hypoxia [5] . There are three isotypes named PPARα, PPARβ, and PPARγ. PPARα is the main regulator of lipid metabolism [6] . Carbohydrate and lipid metabolism are two important components of energy metabolic pathways. Animals utilize one as an optimal-fuel strategy to cope with cold hypoxic environments [7] . Previous studies indicated that the genes undergoing positive selection in the ground tit on the Tibetan plateau were mostly involved in fatty-acid metabolic pathways [8] . Most animals use fatty acids as energetic substrate, as mitochondrial β-oxidation contributes to energy production via oxidative phosphorylation, thereby generating ATP [5, 9] . The activated-PPARα modulates this pathway by up-regulating the gene expression of some key factors such as fatty acid transporter protein (FATP), carnitine palmitoyl transferase I (CPT I), and acetyl-CoA synthetase (ACS) [10] .
In addition to energy metabolic factors, the hypoxia-inducible factor-1α (HIF-1α) is vital to oxygen regulation. Egl nine homolog 3 (EGLN3), also called proline hydroxylase domain 3 (PHD3), controls the expression of the HIF-1α gene [11, 12] . When oxygen is present, PHD3 hydroxylates specific proline residues on HIF-1α, initiated by von Hippel-Lindau protein (pVHL), leading to ubiquitination and destruction of the HIF-1α protein. In a hypoxic environment, the activity of EGLN3 decreased, leading to accumulation of HIF-1α and formation of erythrocytes, which improved oxygen transportation [13] .
We hypothesized that sequence variation in PPARα and EGLN3 genes may contribute to the adaptation to hypoxic conditions in Tibetan chickens. Thus, we identified SNPs in the coding sequences of each gene in Tibetan chicken (TC) and Lowland chicken (LC)s and examined their association.
collected from the brachial vein and genomic DNA was extracted via the phenol-chloroform method [14] . The altitude, longitude, latitude, and population size of each location are shown in Table 1 .
Sampling occurred on local farms with owner permission. All procedures for sample collection were approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University under permit number DKY-S20163651. 
DNA amplification and sequencing
Primer pairs flanking the coding region of exons were designed by Primer Premier 6.0 [15] . The details for these primers are summarized in Tables 2 and 3 . PCR was performed in 25 μL reactions that contained 50 ng DNA template, 1 × buffer (including 1500 μmol L Cycling parameters were as follows: initial denaturation at 96˚C for 4 min, followed by 35 cycles of 95˚C for 30 s, then annealing (temperatures provided in Tables 2 and 3 ) for 1 min, and 72˚C for 90 s, and a final extension at 72˚C for 10 min. PCR products were sequenced in both directions by the Beijing Genomics Institute (BGI). 
Sequence data analysis
Sequence variations, including nucleotide composition and locations were identified by MEGA 5.10 [16] . The sequences were edited and aligned by DNAstar [17] . PPARα and EGLN3 genome sequences of Chinese red jungle fowl that were obtained from NCBI GenBank (NC_ 006088.4 and NC_006092.4) were used as the reference sequences. Allele frequencies of EGLN3 and PPARα genes in TC and LC groups were analyzed by Pearson's Chi-square tests. These parameters were calculated using SPSS software Version 22 and P < 0.05 was considered significant. We used Arlequin 3.5 to calculate F st and analyzed population genetic differentiation [18] . Phylogenetic analysis of nucleotide sequences was carried out by MEGA, J modeltest, BEAST2 and Figtree. J modeltest was used to estimate the best model for establishing the Phylogenetic tree and we used BEAST2 to construct the Phylogenetic tree. Figtree and MEGA were used to embellish the tree. The nucleotide sequences of EGLN3 and PPARα in 8 representative vertebrates were used to construct the Phylogenetic tree and were retrieved from Ensembl [19] .
Protein secondary and tertiary structure prediction
Protein structure was predicted using SWISS-MODEL (https://www.swissmodel.expasy.org/). DNAstar was used for analyzing hydrophilicity. The complete genome of Cochin-Chinese Red Jungle Fowl was used as the reference sequence (ENSGALG00000041470).
Results

Sequence variations in EGLN3 and PPARα
One SNP (rs316017491, C > T) was identified in EGLN3. Allele frequencies of EGLN3 in TC and LC groups are shown in Table 4 . The distribution of this SNP in each population is shown in Fig 2A and Table A in S1 File. The SNP is a synonymous substitution (Table 5 ). Pearson's chi-square test results showed that there was no significant difference between TC and LC for allele distribution (P > 0.05). Six SNPs were identified in PPARα. Their allele frequencies in groups TC and LC are shown in Table 4 . This is the first report of SNP1 and SNP3. Distributions of six SNPs in each subgroup are shown in Fig 2B-2G and Tables B-G in S1 File. One non-synonymous mutation (rs13886097, T > C) and five synonymous mutations were found in PPARα (Table 5 ). All SNPs were observed in both TC and LC. That the minor allele frequency of all loci was greater than 1% suggests that mutation sites are ubiquitous. There were significant differences in allele frequencies between TC and LC for SNP2, SNP3, and SNP6 (P < 0.01), whereas there were no significant difference in allele frequencies between TC and LC for SNP1, SNP4, and SNP5 (P > 0.05). Hardy-Weinberg equilibrium (HWE) test results showed that except for SNP1, SNP2, and SNP3 of PPARα, the other SNPs were consistent with HWE in TC groups (P > 0.05), whereas there was no SNP consistent with HWE (P < 0.01) in LC ( Table 6 ). The observed heterozygosity of all SNPs was from 0.079 to 0.475 in TC and from 0 to 0.63 in LC.
Population genetic differentiation
Fix index statistic test (F st ) values for each SNP locus of EGLN3 and PPARα are displayed in Table 7 . There was population differentiation between groups TC and LC for SNP2, SNP3, and SNP6 of PPARα (P < 0.05), while for other SNPs there were enough heterozygotes in the metapopulation (P > 0.05). Further analysis for SNP2, SNP3, and SNP6 indicated that the variation mainly occurred in the interior of the population (P < 0.05) and their values were 77.75%, 81.27%, and 96.18%, respectively (Table 8) .
Phylogenetic tree
Nucleotide sequences of EGLN3 from mouse, cow, horse, macaque, dog, chicken, great tit, and finch were used in phylogenetic analyses. Results showed that the phylogenetic tree was generally divided into two branches. One branch contains the chicken, great tit, and finch and 2 LC Lowland chickens. 3 The figures in brackets represent allele frequencies. 4 The number represents the SNP position in the DNA sequence. 5 Pearson's Chi-square test. 6 MAF represents the minor allele frequency.
ÃÃ P-value less than 0.01. another includes the macaque, dog, horse, cow, and mouse ( Fig 3A) . We found that the genetic distances of EGLN3 among chicken, great tit, and finch were close. The same analysis of PPARα was performed on mouse, cow, horse, macaque, dog, chicken, great tit, and finch. Similarly, the Phylogenetic tree was generally divided into two branches. Mouse, cow, horse, dog, and macaque formed a branch and the other species constituted another independent branch, with high homology among chicken, great tit, and finch ( Fig  3B) .
Bioinformatics analysis of PPARα
The SNP2 of PPARα resulted in an amino acid change (Ile > Met). The amino acid substitution occurred in the ligand-binding domain (LBD). Further study of this mutation site indicated that amino acid residues had changed (Fig 4) and that the mutated protein had higher hydrophilicity (Fig 5) .
Discussion
Chicken (Gallus gallus) is not only an important domestic bird for egg and meat production, but also a valuable model for evolutionary and developmental biology studies [20] . Tibetan chickens have inhabited the Tibetan plateau for thousands of years, and during that time have developed adaptability to hypoxia [21, 22] . Mutations in DNA and changes in functionality of proteins are responsible for these physiological adaptations to the hypoxic environment.
Herein, we analyzed the polymorphisms in EGLN3 and PPARα genes in LC and TC populations. One and six SNPs were detected in EGLN3 and PPARα, respectively. The MAF values for all SNPs were greater than 0.05, which is of great significance. For the EGLN3 SNP, there was no significant difference between TC and LC in allele frequencies, whereas for SNP2, SNP3, and SNP6 in PPARα, there were significant differences between TC and LC in their respective allele frequencies. The mutant allele frequencies of SNP2 and SNP3 in LC were higher than those in Tibetan chickens and Hardy-Weinberg equilibrium (HWE) test results showed that all SNPs in LC were not consistent with HWE, indicating that the genetic structure of Lowland chickens may be affected by environmental or artificial factors [23] . The fixed index is a theoretical measure of whether the actual frequency of genotypes in a population departs from the genetic balance [24] . The result of fix index statistic tests showed there was a significant difference in the Fst value for SNP2, SNP3, and SNP6 between TC and LC, demonstrating that the three sites were specific in different populations and may be candidates for high altitude hypoxia adaptability. Arlequin was used to analyze the source of variation and the result showed that variation was mainly derived from individuals. These results suggest that geographic isolation among these groups diminished gradually, and likely did not play a major role in the genetic differentiation among populations [23] .
Phylogenetic analyses showed that genetic relationships among chicken, great tit, and finch are close for EGLN3 and PPARα, which is consistent with the results of zoological classification [25] . This homology represents the proximity of species relationship, reflecting the importance of the structural stability of the EGLN3 and PPARα gene among species.
Bioinformatics analyses indicated that except for SNP2 in PPARα, the other SNPs were synonymous mutations. Although synonymous mutations do not cause structural variation in the protein, it can change the amount of expression and modulate the translation efficiency of the downstream target protein [26] . 
EGLN3, PPARα and hypoxia adaptation in Tibetan chickens
In the present study, we identified one non-synonymous mutation at SNP2 (Ile > Met). The variation occurred in the ligand-binding domain (LBD), which contributes to the dimerization interface of the receptor and in addition, binds co-activator and co-repressor proteins [27] .
The PPARα protein is highly hydrophobic [28] , but the mutation detected in the present study increased its hydrophilicity and made it more likely to be hydrolyzed. As activated-PPARα modulates lipid metabolism by up-regulating the expression of key genes such as fatty acid transporter protein (FATP), carnitine palmitoyl transferase I (CPT I), and acetyl-CoA synthetase (ACS), we inferred that this genetic variation may alter the efficiency of lipid catabolism. 
In conclusion, genetic analysis of PPARα and EGLN3 genes in Tibetan and Lowland chickens suggests that the non-synonymous SNP2 of PPARα may play a role in the ability of Tibetan chickens to adapt to a high altitude environment.
Supporting information S1 File. Allele and genotype frequencies of the SNPs in the PPARα and EGLN3 genes. 
